Background: The time dedicated to the study of human anatomy within medical school curriculums has been substantially reduced. The effect of this on the knowledge of incoming orthopaedic trainees is unknown. The current study aimed to evaluate both the subjective perceptions and objective anatomic knowledge of fourth-year medical students applying for orthopaedic residency. Methods: A multicenter prospective study was performed that assessed 224 students during the course of their interview day for an orthopaedic residency. Participants provided demographic data and a subjective assessment of the quality of their anatomic education, and completed either an upper or lower extremity anatomic examination. Mean total scores and subscores for various anatomic regions and concepts were calculated. Results: Students on average rated the adequacy of their anatomic education as 6.5 on a 10-point scale. Similarly, they rated the level of importance their medical school placed on anatomic education as 6.2 on a 10-point scale. Almost 90% rated the time dedicated to anatomy as good or fair. Of six possible methods for learning anatomy, dissection was rated the highest. On objective examinations, the mean score for correct answers was 44.2%. This improved to 56.4% when correct and acceptable answers were considered. Regardless of anatomic regions or concepts evaluated, percent correct scores did not reach 50%. There were no significant correlations between performance on the anatomic examinations and either prior academic performance measures or the student's subjective assessment of their anatomic education. Conclusions: Current students applying into orthopaedic residency do not appear to be adequately prepared with the prerequisite anatomic knowledge. These deficits must be explicitly addressed during residency training to produce competent, safe orthopaedic surgeons.
T he study of human anatomy has for centuries been an indisputable pillar of medical education. While relevant to all specialties, instruction in anatomy is an essential prerequisite to surgical training. Despite its importance, there has been a near-universal reduction in time allocated to studying this discipline across medical schools worldwide. Because of an ever-expanding breadth of medical advances that necessarily vie for time among traditional curricular staples and an evolution in education theory away from lectures and the perceived burden of isolated facts, instruction in human anatomy has been a common casualty during the trimming of medical education in the past two decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This has occurred despite numerous published reports documenting the concerns among anatomists, students, young doctors, and established clinical faculty about the adequacy of contemporary anatomic education. 2, 6, 7, [11] [12] [13] Equally concerning during this period of curricular change has been an almost complete lack of objective measurement to determine the effects of these changes and whether current standards of anatomic instruction remain adequate. The purpose of the current study is to (1) objectively measure the anatomic knowledge of fourth-year medical students preparing to enter into orthopaedic residency, (2) subjectively access the students' perceived adequacy of their anatomic education, (3) access the students' preferred methods of anatomic instruction, and (4) assess for correlations between students' prior academic performance and anatomic knowledge and subjective adequacy of anatomic education and anatomic knowledge.
Methods
A convenience sample of applicants to four orthopaedic residency programs (University of California, San Francisco; University of Washington; Baylor College of Medicine; and University of Florida Jacksonville) was evaluated during the 2014-2015 interviewing cycle. Applicants were approached during the course of their interview day and asked to participate. It was made clear that the study had no bearing on the residency selection process, and the applicants were free to refuse participation. No identity information was recorded.
All data were gathered on written answer keys completed by the students. Questions regarding each student's demographics, subjective assessment of their anatomic education, preferred method of instruction, and objective measures of their anatomic knowledge were listed both on the written answer key and on a power point presentation of the questions provided to the group of consenting students simultaneously.
Data Collected Demographics
Basic demographic data as well as commonly used measures of academic performance were gathered. The data included the following: Objective Measure of Anatomic Knowledge To avoid duplicated assessments of students interviewing at the four institutions and the possibility of the applicants, reviewing the answers to questions previously asked, participants were asked to self-report if they had previously participated at a prior study site. All items were open responses (as opposed to multiple choice) to avoid correct answers made by chance and to better test the students' recall memory (as opposed to recognition memory).
To the knowledge of the lead author, (P.T.), there was no previously validated anatomic test designed to evaluate the musculoskeletal knowledge of medical students applying into orthopaedics. As such, upper and lower extremity examinations were created for the purposes of this study. These examinations were created based on a pilot study of orthopaedic residents conducted at the University of California, San Francisco. This pilot study consisted of several hundred questions given over multiple sessions to most of the 35 residents at this program. From the data of this pilot study, the final objective questions described below were selected. The chosen questions were selected based on multiple factors. From the pilot study, those questions that were near-universally answered correctly (eg, identifying the femoral head) were excluded. Similarly, those questions that were more commonly answered incorrectly or answered correctly only by the more senior residents (eg, identifying the posterior inferior tibiofibular ligament) were also excluded. From the list of remaining questions, the final examination questions were selected so that all basic anatomic areas and concepts would be represented and that the final number of questions could be reasonably answered in 15-30 minutes.
There was a total of 35 upper extremity questions and 30 lower extremity questions. The questions were designed to assess functional, osseous, ligamentous, muscle/tendon, and neurovascular concepts within five anatomic regions of the upper (shoulder, arm, elbow, forearm, and hand/wrist) and lower (hip/ pelvis, thigh, knee, leg, and foot/ ankle) extremities (Tables 1 and 2 ).
Answers to individual questions were graded as correct, incorrect, or acceptable. Acceptable answers were those that, while not completely correct, did demonstrate some level of anatomic knowledge, for which credit was given. As an example, students were asked to list the functions of the rectus femoris. The correct answer is hip flexion and knee extension. An acceptable answer was providing one but not both functions. As such, the tests were then later scored twice. The first score was the percent correct; the second score was the percent correct and the percent acceptable.
Statistical Analysis
Basic descriptive statistics were used to report the demographic, subjective, and objective data. Pearson coefficients were used to look for correlations between prior academic performance (MCAT and USMLE I & II scores) and anatomic knowledge. Internal consistency reliability of the upper and lower extremity examinations was evaluated with Cronbach coefficient alpha.
Results
A total of 238 written examinations were completed. One individual reported taking an upper extremity examination at two sites. The second examination for this individual was discarded, leaving 237 examinations. Thirteen additional students stated that they had taken both the upper and lower extremity examinations at different institutions. Thus, although 237 examinations were scored for this study, this represents the work of 224 individuals from at least 92 different North American medical schools (not all applicants reported the identities of their medical schools). Electronic Residency Application Service statistics for the 2014-2015 application cycle indicate that 1,582 individuals applied into orthopaedics. The current study sample, therefore, includes approximately 14% of all individuals who submitted an application for an orthopaedic residency and likely a significantly higher percentage of individuals who actually interviewed.
Demographics
Basic demographics and prior academic performance are listed in Tables 3 and 4 .
Subjective Measures of the Adequacy of Anatomic Education
When asked to rate the adequacy of their anatomic education on a 10-point scale, the mean response was 6.5, indicating a score somewhat better than an adequate score of 5. Similarly, when asked to evaluate the level of importance their medical school placed on their anatomic education, the mean response was 6.2. Rating the amount of time that they had spent in medical schools on human gross anatomy, 50% rated it as good, 39% fair, 6% excellent, 5% poor, and a single respondent indicated that no time had been set aside for anatomic education. Of note, no students rated the amount of time spent on anatomy as "too much."
Assessment of Preference for Methods of Anatomic Instruction
When asked to rate six common methods for learning anatomy as 1 through 6, dissection was rated as the most favored method, followed by didactic lectures and then prosection. Plastic models, radiographic and topographic anatomy, and computer simulations were rated as less favorable (Table 5 ).
Objective Measure of Anatomic Knowledge
The mean percent correct for all answers to both the upper and lower extremity examinations for all students was 44.2%. This improved to 56.4% when both correct and acceptable answers were considered. In addition to the mean total score, subscores for the various anatomic regions and anatomic concepts were also calculated (Figures 1 and 2) . Regardless of the subscore considered, no area had a raw correct average of .50%. Scores of course improved when acceptable answers were included; however, most scores for the various subcategories remained between 50% and 60%, and the high for any category just surpassed 75%.
Various correlations were sought between students' objective anatomy scores and measures of their prior academic performance and perceived subjective evaluation of the adequacy of their anatomic education ( Table 6 ). None of the tested measures correlated more than very weakly (r . 0.2).
The internal consistency reliability of the upper and lower extremity examinations was evaluated with Cronbach coefficient alpha. This statistical test is designed to indirectly measure the degree to which a set of test questions measures a single unidimensional latent construct: in this case, knowledge of upper or lower extremity anatomic knowledge. The obtained coefficients were 0.83 for upper extremity examination and 0.80 for lower extremity examination, indicating that both examinations had good internal reliability.
Discussion
The importance of sound understanding of anatomy to practicing orthopaedic surgeons is indisputable; the profession simply cannot be performed safely without it. For decades, it has been the assumed responsibility of medical schools to provide students with the necessary basic anatomic foundation on which to build during residency to make this safe practice possible. In the past several decades, however, there has been a dramatic reduction in the amount of hours dedicated to the study of human gross anatomy in medical schools worldwide. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The likely reasons for this included the ever-expanding breadth of medical advances that necessarily vie for time among traditional curricular staples, an evolution in education theory away from lectures and toward problem-based learning, [1] [2] [3] 7 and the perceived burden that isolated facts placed on students. 6 Simultaneously, and directly due to this reduction in time allotted to human gross anatomy, there has been a precipitous drop in the perceived value of cadaveric dissection, which has frequently been substituted with prosection, the use of plastic models, and computer-based simulation. 1, 5, [7] [8] [9] [10] Despite worldwide, broad, sweeping curricular changes, there has been relatively little assessment of the consequences of this paradigm shift. The few existing published reports on anatomic education during this time of change suggest, however, that current methods may not be meeting appropriate standards.
Authors previously have reported on students' subjective perceptions of their anatomic education in modern curricula. Summarizing the results of several prior studies that took place at eight Dutch medical schools that had implemented a problem-based, learning-based curriculum, one review noted that students uniformly perceived deficits in their anatomic knowledge and that this was reflected in high anatomictest failure rates. 3 Similarly, authors from the United Kingdom investigated the opinions of "newly qualified doctors" and found that nearly half felt that they had received insufficient instruction in anatomy and that this was most strongly felt by those entering a surgical field. 13 By contradistinction, educational researchers in South Korea noted that their students, who continued to be subjected to 50 hours of lecture and 120 hours of dissection, continued to regard their anatomic education as adequate and dissection as essential. 4 Other authors have similarly reported on objective measures of anatomic knowledge among contemporary students, residents, and clinicians, providing equally concerning results. Examining the scores on a musculoskeletal cognitive examination (which included more than just anatomy) taken by 334 volunteer students, residents, and staff physicians of multiple disciplines, prior American authors reported a mean score of only 57% and a mean passing score (.73.1%) of 21%. 11 Similarly, a group of 170 clinicians from the United States, Mexico, and five other Central or South American nations, most of whom were rheumatology fellows or attending physicians, recorded a mean score of 47% on an anatomic examination. 12 In addition, a small group of recent authors has investigated the students' preferred method of anatomic instruction. Reporting on students from Australia, South Korea, the United Kingdom, and Germany, multiple authors have repeatedly shown that students consistently report their preference for traditional methods such as anatomic dissection over modern modalities such as models and computer simulation. 1, 4, 5, 10 In addition, when 112 professors of anatomy in the United Kingdom were asked about their preferences, they too preferred dissection as the primary means of training. 8 Given these limited but concerning reports produced in the wake of curricular change, it seems imperative to investigate the assumption that contemporary applicants to orthopaedic residencies come prepared with the expected basic anatomic knowledge.
The demographics of the 224 students that comprised this study's sample are likely typical of a contemporary orthopaedic applicant pool. Worth emphasizing, perhaps, is the significant level of prior academic achievement among this group. A large proportion of individuals had one or more advanced degrees in addition to their upcoming MD, and the mean test scores for the MCAT and USMLE I and II would be perceived as extremely competitive. Despite this high level of proven aptitude, the group's performance on basic anatomic questions was obviously poor. Such results emphasize what must be a true failure of the educational system these future surgeons find themselves in.
Students' subjective responses to the questions aimed at measuring their perception of their anatomic education, as opposed to other reports, present an additional hurdle. Students tended to rate their educational experience and their medical schools' emphasis on anatomy as more than adequate, and most rated the time dedicated to human gross anatomy as at least good, with few reporting it as poor. Despite this self-perception of preparedness, the students when tested appear dramatically under-prepared, perhaps suggesting an underappreciation for the importance anatomy will play in their chosen profession.
Also of interest to educators should be the preferred methods of instruction expressed by the students. It has Anatomic Knowledge Among Applicants to Orthopaedic Residency become increasingly popular to offer students alternative means to learn anatomy, exemplified by computer simulation. Such a modality avoids the time and cost of traditional dissection, prosection, and didactics; however, it does not achieve the same level of authenticity, and also likely provides less opportunity for repetition of key concepts. Long hours in the dissecting room and classroom may appear inefficient by today's educational standards; however, education may not be maximized with a focus on efficiency, and students in this study appeared to recognize this.
The results of the objective portion of the study are sobering and similar to those presented in the limited number of prior reports previously cited. Regardless of which region of the extremities and which anatomic concept was analyzed, students performed poorly. The large sample size and national-level scale of the sample from applicants from at least 92 medical schools from all regions of the country emphasize the systemic nature of the problem. The knowledge gap is not a small one and not isolated to a particular group of students. The needed solution is thus not Mean correct scores for the various upper and lower extremity subcategories. LE = lower extremity, UE = upper extremity.
a simple patch applied to the current educational system, but rather a complete reconceptualization of the anatomic preparation of orthopaedic applicants.
The purpose of the current study was to define the problem, and from it, no definitive recommendations on needed curricular changes can be made. Such statements would require prospectively observed curricula changes and measurements of positive outcomes from them. Despite this, the authors would suggest the following.
Medical school curriculum on a national (and international) level is unlikely to change to conform to the needs of orthopaedic residencies. The influx of new medical knowledge is immense and will continue to vie with anatomy in medical school syllabi. In addition, one could argue that medical schools may not be the forum for a detailed instruction in musculoskeletal anatomy. Obviously, the majority of students in medical schools go on to specialties that do not require such a comprehensive knowledge of musculoskeletal anatomy, and in fact, hours of instruction in this may rightly be viewed as a poor use of time. As such, the burden of responsibility for providing a complete anatomic education will and perhaps should fall to orthopaedic residencies. We would thus suggest that all orthopaedic residencies accept this position and make explicit efforts to address this educational deficiency. Specifically, we would suggest that all residents be exposed to a comprehensive, dissection-based instruction in musculoskeletal anatomy for which they are explicitly held accountable and evaluated. Such instruction should occur most heavily early during the Mean correct and acceptable scores for the various upper and lower extremity subcategories. UE = upper extremity, LE = lower extremity. 
